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ABSTRACT
We present a clustering analysis of X-ray selected AGN by compiling X-ray samples from the
literature and re-estimating the dark matter (DM) halo masses of AGN in a uniform manner.
We find that moderate luminosity AGN (L2−10 keV ≃ 1042−1044 erg s−1) in the z ≃ 0−1.3
Universe are typically found in DM haloes with masses of ∼ 1013 M⊙. We then compare
our findings to the theoretical predictions of the coupled galaxy and black hole formation
model GALFORM. We find good agreement when our calculation includes the hot-halo mode
of accretion onto the central black hole. This type of accretion, which is additional to the
common cold accretion during disk instabilities and galaxy mergers, is tightly coupled to
the AGN feedback in the model. The hot-halo mode becomes prominent in DM haloes with
masses greater than ∼ 1012.5M⊙, where AGN feedback typically operates, giving rise to a
distinct class of moderate luminosity AGN that inhabit rich clusters and superclusters. Cold
gas fuelling of the black hole cannot produce the observationally inferred DM halo masses
of X-ray AGN. Switching off AGN feedback in the model results in a large population of
luminous quasars (L2−10 keV > 1044 erg s−1) in DM haloes with masses up to ∼ 1014M⊙,
which is inconsistent with the observed clustering of quasars. The abundance of hot-halo AGN
decreases significantly in the z ≃ 3 − 4 universe. At such high redshifts, the cold accretion
mode is solely responsible for shaping the environment of moderate luminosity AGN. Our
analysis supports two accretion modes (cold and hot) for the fuelling of supermassive black
holes and strongly underlines the importance of AGN feedback in cosmological models both
of galaxy formation and black hole growth.
Key words: cosmology:dark matter – cosmology:large-scale structure of Universe – cosmol-
ogy:theory – galaxies:haloes – galaxies:quasars – galaxies:nuclei
1 INTRODUCTION
In the last decade numerous lines of evidence have combined to
suggest that Active Galactic Nuclei (AGN) play an important, al-
though not well understood role, in the formation and evolution
of galaxies (Alexander & Hickox 2012). Therefore, understanding
the conditions under which supermassive black holes (BHs) grow
their mass across cosmic time is important not only for placing the
accretion history of the Universe in a physical context but also for
completing our picture of galaxy evolution. Open questions include
⋆ E-mail: fanidakis@mpia.de
the nature of the fuelling of supermassive black holes (BHs), the
triggering mechanisms of AGN activity and the impact of the en-
ergy output of the central engine on galaxy scales.
Observationally, one approach used to address these points is
via population studies of AGN as a function of cosmic time and ac-
cretion luminosity. In particular, properties such as the morphology,
star-formation history, stellar mass distribution, and large-scale en-
vironment of the galaxies that host AGN hold important clues about
the physical processes that dominate the growth of BHs at dif-
ferent epochs (Hopkins et al. 2009; Georgakakis et al. 2011). How-
ever, the intense luminosity of AGN can easily outshine their host
galaxies, rendering the study of the host’s properties challenging
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and prone to systematics. Despite efforts to mitigate this problem,
e.g., by improving analysis techniques (e.g., Jahnke et al. 2004;
Jahnke et al. 2007) or by observing at wavebands where the un-
derlying galaxy dominates (e.g., far-infrared, Santini et al. 2012),
contamination by AGN radiation remains a serious source of bias
in studies of the hosts of active BHs. One of the few observables
that is immune to this effect is the clustering of AGN, which can
be interpreted in terms of their distribution in dark-matter (DM)
haloes.
The interpretation of the observed properties of AGN
to gain insight into the physical processes at play re-
quires comparison with models for the cosmological evo-
lution of AGN. These include numerical simulations (e.g.,
Sijacki et al. 2007; Khalatyan et al. 2008; Di Matteo et al. 2008;
Booth & Schaye 2009), semi-empirical methods (e.g,
Hopkins et al. 2008, and references within) or semi-analytical
models (SAMs, Malbon et al. 2007; Marulli et al. 2008;
Fontanot et al. 2011; Fanidakis et al. 2011). The latter com-
bine N-body simulations of the hierarchical clustering of DM with
the analytical descriptions of key physical processes in the baryons,
such as gas cooling/heating, star-formation and accretion onto
BHs. The advantage of this approach is its computational ease,
which allows predictions to be made for the populations of AGN
and galaxies, for different input parameters and adopted physical
processes (e.g., BH accretion trigger, galaxy/AGN interplay). The
semi-analytic approach is therefore well suited for understanding
the conditions under which BH grow their mass, and the impact
this has on the host galaxy.
SAMs which postulate that BHs grow in major galaxy
merger events predict AGN DM halo masses of up to few times
1012 h−1M⊙, almost independent of redshift and accretion lu-
minosity (Bonoli et al. 2009). This is in good agreement with
clustering measurements of powerful, UV bright QSOs (e.g.,
Croom et al. 2005; da ˆAngela et al. 2008; Ross et al. 2009) and un-
derlines the importance of cold gas accretion during mergers, at
least for a subset of the AGN population. At the same time, how-
ever, and contrary to merger model predictions, X-ray selected
AGN, which dominate the accretion history of the Universe, are
generally found in more massive DM haloes (MHalo ≈ 1012.5 −
1013.5h−1M⊙, Cappelluti et al. 2012). This suggests that major
mergers cannot be the only channel for building BHs and that al-
ternative fuelling modes are likely to be in operation, perhaps even
dominating AGN activity at certain cosmic epochs and accretion
luminosities (e.g., Allevato et al. 2011; Mountrichas et al. 2013).
One SAM which includes multiple modes for growing BHs
is GALFORM (Cole et al. 2000). Originally developed to study the
cosmological evolution of galaxies, GALFORM has been extended
recently to model AGN activity and feedback (Bower et al. 2006;
Fanidakis et al. 2011; Fanidakis et al. 2012). BHs grow during the
different stages of the evolution of their hosts by accreting ei-
ther cold gas during starbursts (dominated by disk instabilities in
these models) or diffuse hot gas from a quasi-hydrostatic halo.
The two fuelling modes build up the mass and spin of the BH,
and the resulting accretion power regulates the gas cooling and
subsequent star formation in the galaxy. This model can repro-
duce the observed relation between the mass of the BH and the
mass of the galaxy bulge, the radio luminosity function of radio-
loud AGN (Fanidakis et al. 2011) as well as the luminosity func-
tion of the overall AGN population in different bands (optical,
X-ray, bolometric) over a wide range of redshifts (0 . z . 6,
Fanidakis et al. 2012).
This paper extends the comparisons between observations and
the GALFORM model predictions to the DM halo masses of X-ray
AGN at different redshifts and accretion luminosities. Throughout
the paper we adopt Ωm = 0.227, Ωb = 0.045, ΩΛ = 0.728,
H0 = 70 kms
−1Mpc−1 and σ8 = 0.81. The paper is organised
as follows. In Section 2 we describe our method for calculating the
host DM halo masses of the X-ray selected AGN in our observa-
tional samples. In Section 3 we explore the BH fuelling modes and
their accretion properties in GALFORM and present the resulting X-
ray luminosity–DM halo mass correlation. In Section 4 we compare
the GALFORM predictions for the DM halo masses of X-ray AGN
with the observations. In Section 5 we discuss the main points of
our analysis. Finally, the paper is concluded in Section 6.
2 OBSERVATIONAL DETERMINATION OF X-RAY
SELECTED AGN DARK-MATTER HALO MASSES
Compiling a set of homogeneously estimated host DM halo
masses for X-ray selected AGN from the literature to compare
with the SAM predictions is challenging. Diverse methods have
been employed by different groups to measure AGN cluster-
ing including, for example, the angular auto-correlation function
(e.g., Basilakos et al. 2005), the real space auto-correlation func-
tion (e.g., Gilli et al. 2009) and the cross-correlation with galax-
ies (e.g., Coil et al. 2009). Different approaches are also adopted
to infer the bias and DM halo mass from the clustering sig-
nal. Halo Occupation Distribution (HOD, e.g., Miyaji et al. 2011;
Krumpe et al. 2012) modeling is a powerful way to infer cluster-
ing information from observational data. However, in the case of
small sample sizes and noisy data, such as those available in many
X-ray AGN studies, this method does not provide any significant
advantage. As a result, many groups choose to use less physically
motivated single power-law fits to describe the clustering signal of
AGN and infer their bias and DM halo masses.
In this paper we use only observational studies that
infer the clustering of X-ray AGN using either the real-
space auto-correlation function (Cappelluti et al. 2010;
Gilli et al. 2009; Starikova et al. 2011) or their real-space
cross-correlation function with galaxies (Coil et al. 2009;
Krumpe et al. 2010b; Krumpe et al. 2012; Allevato et al. 2011;
Mountrichas & Georgakakis 2012; Mountrichas et al. 2013). We
also exclude from the analysis DM halo mass measurements
inferred from wide redshift intervals, e.g. z ≈ 0 − 3. In studies
where HOD modelling is adopted to analyse the clustering
signal (Starikova et al. 2011; Krumpe et al. 2012) we use the
inferred DM halo masses directly and simply scale them to
H0 = 70 kms
−1Mpc−1. In studies that fit power laws to the
clustering signal, we re-estimate the bias in a uniform manner
using the relation
bAGN =
σ8,AGN
σ8(z)
, (1)
where σ8,AGN, σ8(z) are the rms fluctuations of the X-ray AGN
and DM density distribution respectively, within a sphere of co-
moving radius 8h−1Mpc. σ8,AGN is determined from the clus-
tering length r0 and power-law exponent γ of the AGN real-space
auto-correlation function as
σ2AGN = J2(γ)
(
r0
8h−1Mpc
)γ
, (2)
where J2 is an integral over the correlation function, which, for a
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power law, simplifies to
J2(γ) =
72
(3− γ)(4− γ)(6− γ)2γ
. (3)
The values of γ and r0 are taken from the relevant publication
for each sample. The error on the bias is determined from the
uncertainty in the clustering length and power-law exponent. We
then infer the DM halo mass from the AGN bias assuming the
ellipsoidal collapse model of Sheth et al. (2001), as described by
da ˆAngela et al. (2008) and van den Bosch et al. (2002). The DM
halo mass estimated in this way is an effective halo mass, since it
represents an average over the distribution of halo masses for each
AGN sample.
Table 1 presents the DM halo mass, mean redshift, and aver-
age 2 − 10 keV X-ray luminosity for each AGN sample used to
compare against the predictions of the GALFORM model. We note
that the samples in Table 1 are selected in different X-ray energy
bands. The X-ray luminosities of each sample are converted to the
2− 10 keV band assuming an intrinsic power-law X-ray spectrum
with photon index of Γ = 1.9 (Nandra & Pounds 1994). Also, the
Krumpe et al. (2012) AGN sample includes powerful sources se-
lected in the ROSAT 0.1− 2.4 keV band. The observed flux in that
band has a large soft-excess contribution that is not representative
of the underlying intrinsic power-law X-ray spectrum. For these ob-
jects we use the template X-ray spectrum of powerful radio-quiet
QSOs from Krumpe et al. (2010a) to account for the soft-excess
contribution and extrapolate the observed flux in the ROSAT band
to the intrinsic power-law luminosity in the 2 − 10 keV energy
range.
3 THE GALFORM MODEL
GALFORM calculates galaxy properties using differential equations
to model the processes that describe the large and small scale
physics involved in galaxy formation and BH growth. Among
the most prominent are (i) the formation and evolution of DM
haloes in the Λ cold DM cosmology (ΛCDM), (ii) gas cool-
ing and disk formation in DM haloes, (iii) star formation, su-
pernova feedback and chemical enrichment in galaxies, (iv) ac-
cretion onto BHs and AGN feedback, and (v) the formation
of bulges during galactic disk instabilities and galaxy mergers.
The model has been successful in reproducing many observa-
tions including the luminosity and stellar mass function of galax-
ies (Bower et al. 2006), the number counts of submillimeter galax-
ies (Baugh et al. 2005), the evolution of Lyman-break galaxies
(Lacey et al. 2011; Gonzalez-Perez et al. 2013), the clustering of
Ly-α emitters (Orsi et al. 2008), the HI and CO mass functions
(Kim et al. 2011; Lagos et al. 2011; Lagos et al. 2012), the space
density of radio-loud AGN (Fanidakis et al. 2011) and the evolu-
tion of the overall AGN population (Fanidakis et al. 2012).
This paper explores the predictions of the GALFORM model
for the host DM halo mass of X-ray AGN as a function of 2 −
10 keV accretion luminosity and redshift. Compared to previous
versions of GALFORM , the cosmological parameters have been up-
dated to values similar to those determined by the WMAP7 data
(Komatsu et al. 2011). In particular, the rms density fluctuation on
scales of 8h−1 Mpc is set to σ8 = 0.8 compared to the value of
σ8 = 0.9 used in earlier GALFORM models. The model agrees well
with observations of galaxies in the local Universe. Its best-fitting
parameters in the WMAP7 cosmology, along with the resulting pre-
dictions for galaxy LFs and number counts will be presented in a
forthcoming publication (Lacey et al. in prep).
3.1 The growth of BHs
GALFORM uses a hybrid BH accretion and galaxy formation model
as described in Fanidakis et al. (2012). In this model the BH growth
is coupled to the evolution of its host galaxy and DM halo. The
code distinguishes between two modes of black hole fuelling, the
starburst mode, which relates to the dynamical and merger history
of the host galaxy, and the hot-halo mode, which is associated with
the diffuse gas in the DM halo. We briefly summarise below the
main characteristics of each mode.
Starburst mode: In this mode, the build-up of the BH mass is
tightly correlated with the mass of cold gas that turns into stars
during a burst of star formation. Starbursts in GALFORM occur
when the host galaxy experiences a disk instability, a major galaxy
merger or a minor merger in a gas rich disk. These processes are
assumed to involve the entire cold gas reservoir of galaxies in a
starburst. Due to the catastrophic impact of those processes on the
galaxy morphology it is further assumed that these processes are ef-
ficient in driving cold gas towards the inner parts of the galaxy and
therefore providing the central BH with fuel. The amount of gas
that is accreted by the BH during a starburst is a fraction, FBH, of
the total gas mass that turns into stars. FBHis constrained by fitting
the MBH −MBulge correlation and BH mass function at z = 0 (in
the model of Bower et al. 2006, FBH = 0.5%). The starburst mode
is associated with intense and luminous accretion. It is responsible
for building the bulk of BH mass in GALFORM and quasars (consid-
ered to be AGN with Lbol > 1046 erg s−1) are active exclusively
during this mode (Fanidakis et al. 2012).
Hot-Halo mode: In this mode, gas is accreted onto the BH directly
from the diffuse gas in the DM halo, without first being cooled into
the galactic disk. For this to happen, it is necessary that the gas
has reached hydrostatic equilibrium within the gravitational poten-
tial of the halo and has formed a quasi-static hot atmosphere. In
this case, the cooling time of the gas at the cooling radius (the point
where the cooling time is equal to the age of the halo) is longer than
its free-fall time at this radius. Typical haloes where this condition
is satisfied have masses greater than∼ 1012.5M⊙. In these haloes,
the model invokes AGN activity to balance the cooling of gas. As a
consequence, the hot-halo accretion mode is coupled to AGN feed-
back. The heating energy is taken to be a fraction, ǫBH, of the Ed-
dington luminosity of the BH, LEdd = 1.4×1038MBH erg s−1; if
this luminosity exceeds the cooling luminosity, Lcool, the cooling
of gas is suppressed. The gas accreted by the BH during the process
of cooling suppression is tuned to the amount needed to produce
a luminosity output equal to Lcool (i.e., M˙BH ∼ Lcool/c2, see
Bower et al. 2006; Fanidakis et al. 2012, for further details). The
accretion luminosity in this mode becomes important only in very
massive haloes (MHalo & 1014 − 1015M⊙), where the cool-
ing luminosity is relatively high (see Section 3.3). We note that
GALFORM is currently the only model that includes a calculation
of the AGN luminosity produced during the accretion of gas in the
hot-halo mode.
At every timestep, GALFORM computes the amount of gas ac-
creted during the starburst mode (given that a disk instability or
galaxy merger has taken place) and hot-halo mode (if the AGN
feedback conditions are satisfied). The gas accreted during the star-
burst mode is converted into an accretion rate by assuming that the
accretion duration is proportional to the dynamical timescale of the
host spheroid. In the hot-halo mode the accretion rate is calculated
using the timestep over which gas in accreted from the halo. The
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. DM halo mass measurements for galaxies that host X-ray AGN taken from the literature. Columns are: (1) The median redshift of the sample; (2)
the redshift range of the sample; (3) the logarithmic value of the derived DM halo mass; (4) the average 2 − 10 keV X-ray luminosity of the AGN sample
(the errors represent the range of luminosities in each sample); (5) the methodology used to determine the clustering signal, i.e., power-law fit (PL) or halo
occupation distribution (HOD); (6) the name of the X-ray sample; (7) the reference to the relevant clustering paper for each sample.
z z range logMHalo logLxray Methodology Sample Reference a
[h−1M⊙] [erg s−1]
0.10 0.03-0.20 13.16+0.18
−0.23 42.1
+1.2
−0.8 cross/PL XMM/SDSS Mountrichas & Georgakakis (2012)
0.69 0.40-0.90 13.83+0.18
−0.26 42.5
+1.5
−1.4 cross/PL AEGIS/COSMOS/ECDFS Mountrichas et al. (2013)
0.97 0.70-1.40 13.06+0.22
−0.31 42.9
+1.7
−2.0 cross/PL AEGIS/COSMOS/ECDFS Mountrichas et al. (2013)
0.13 0.07-0.16 13.37+0.15
−0.16 42.8
+0.6
−0.5 cross/HOD RASS/SDSS Krumpe et al. (2012)∗∗
0.27 0.16-0.36 13.32+0.15
−0.14 43.4
+0.6
−0.4 cross/HOD RASS/SDSS Krumpe et al. (2012)∗∗
0.42 0.36-0.50 12.66+0.38
−0.33 43.8
+0.5
−0.3 cross/HOD RASS/SDSS Krumpe et al. (2012)∗∗
0.80 - 13.27+0.06
−0.06 43.53
+0
−0 cross/HOD XMM/COSMOS Allevato et al. (2011)∗
0.90 0.70-1.40 13.14+0.18
−0.22 43.2
+1.5
−1.2 cross/PL AEGIS Coil et al. (2009)
0.05 0.00-0.15 13.20+0.13
−0.24 43.5
+1.5
−2.5 auto/PL BAT Cappelluti et al. (2010)
0.94 0.40-1.60 12.95+0.20
−0.35 43.4
+1.7
−1.5 auto/PL COSMOS Gilli et al. (2009)
0.37 0.17-0.55 12.72+0.12
−0.15 42.7
+0.8
−0.7 auto/HOD Boo¨tes Starikova et al. (2011)∗
0.74 0.55-1.00 13.08+0.11
−0.15 43.4
+0.7
−0.6 auto/HOD Boo¨tis Starikova et al. (2011)∗
1.28 1.00-1.63 12.85+0.19
−0.35 44.0
+0.4
−0.5 auto/HOD Boo¨tis Starikova et al. (2011)∗
1.30 - 13.22+0.08
−0.08 43.53
+0
−0 cross/HOD XMM/COSMOS Allevato et al. (2011)∗
Notes. aReferences with one and two asterisks indicate samples in the 0.5− 2 keV and 0.1− 2.4 keV soft X-ray bands respectively. Conversion to the hard
band is performed by assuming an intrinsic power-law X-ray spectrum with photon index of Γ = 1.9 (Nandra & Pounds 1994).
bolometric luminosity of the accretion flow, Lbol, is then calcu-
lated by coupling the accretion rate with the Shakura-Sunyaev thin
disk solution (Shakura & Sunyaev 1973) for accretion rates higher
than 1 percent of the Eddington accretion rate (i.e., the mass ac-
cretion rate in Eddington units of m˙ > 0.01) or, otherwise, the
ADAF thick disk solution (Narayan & Yi 1994). We further refer
the reader to Fanidakis et al. (2012) for a detailed account of the
accretion physics of the model.
3.2 The Eddington ratio, λEdd
Important insights into the properties of the two accretion modes
in GALFORM are obtained by studying the distribution of the
Eddington ratio, λEdd, defined as the accretion rate, M˙BH, rel-
ative to the Eddington value, M˙Edd. λEdd is calculated as in
Fanidakis et al. (2012), taking into account the transition from
ADAFs to thin disks at m˙ = 0.01 and the logarithmic depen-
dance of Lbol on the accretion rate in the super-Eddington regime,
Lbol ∝ ln(1+ m˙)LEdd. We note that in the regime 0.01 < m˙ < 1
the value of λEdd is simply m˙. For m˙ > 1, λEdd scales as
ln(1 + m˙).
Fig. 1a shows the λEdd distribution function at z = 0 − 0.1
in four different BH mass bins. The plot shows a bimodal distri-
bution for BHs with masses < 109M⊙, with a broad peak in the
ADAF regime (log10 λEdd < −2) and a second peak in the thin-
disk regime (log10 λEdd > −2). BHs more massive than 109M⊙
are found only in the ADAF regime at z = 0− 0.1.
Interestingly, Kauffmann & Heckman (2009) find a similar
λEdd distribution in a large sample of galaxies in the Sloan Dig-
ital Sky Survey (SDSS, York et al. 2000). These authors employed
the L[OIII]/MBH ratio (with MBH estimated using stellar veloc-
ity dispersions) as a proxy for λEdd and showed that the sug-
gested distribution has a bump at L[OIII]/MBH ≃ 0.11 for low
mass BHs, which is replaced by a power law for more massive
BHs. The observations of Kauffmann & Heckman span a range
of −1.8 . log(L[OIII]/MBH) . 1.9, which corresponds to
−3.5 . log10 λEdd . 0.2 in our plot. A qualitative comparison
between their Fig. 5 and our Fig. 1a suggests that the complex shape
found by Kauffmann & Heckman could be a facet of the bimodal
nature of λEdd predicted by GALFORM .
We further explore the bimodality of the λEdd distribution
in GALFORM by plotting in Fig. 1b the space density of AGN
at z = 0 − 0.1 in the two-dimensional λEdd − MBH plane.
GALFORM predicts that the bulk of BHs accrete in the ADAF
regime (log10 λEdd . −2). There is only a small fraction of BHs
experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
the MBH axis. Integrating along the MBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
1 According to the bolometric corrections assumed by
Kauffmann & Heckman, the Eddington limit, i.e., log10 λEdd =
0 (≡ L/LEdd = 1) corresponds to log10(L[OIII]/MBH) ≃ 1.7.
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Figure 1. (a) The distribution function of λEdd at z = 0 − 0.1 in four different BH mass bins, as indicated by the key. The shaded area indicates the
super-Eddington regime. (b) The density of accreting BHs (in Mpc−3d log M−1
⊙
) in the log10 λEdd − log10MBH plane at z = 0 − 0.1. The histograms
on top of the panel show the λEdd distribution function for AGN in the hot-halo (red) and starburst (blue) modes. (c) The two-dimensional volume-weighted
histogram showing the evolution of the log10 λEdd distribution as a function of z. The different colour shading corresponds to the density of objects in a given
λEdd bin, as indicated by the colour bar on the right.
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.
The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo
mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.
3.3 The AGN environment
The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associ-
ated with haloes more massive than MHalo ∼ 1012.5M⊙. On the
other hand, starburst AGN are characterised by intense accretion
involving large amounts of gas. AGN in this mode are found pri-
marily in gas-rich environments (MHalo . 1011.5 − 1012.5M⊙),
where gas can cool efficiently onto the galactic disk. The bright-
est AGN (quasars) therefore live in intermediate mass haloes
(Fanidakis et al. 2013).
To understand the environmental dependence of the AGN in
GALFORM in more detail, we show in Fig. 2 the volume density
of AGN on the two-dimensional plane of DM halo mass and hard
X-ray (2− 10 keV) luminosity, Lxray , at z = 0, 0.4 and 0.9. This
quantity is calculated directly from λEdd by applying the bolomet-
ric corrections from Marconi et al. (2004, see Fanidakis et al. 2012
for further details). As illustrated by all the individual redshift pan-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. The two-dimensional volume weighted histogram of Lxray (2− 10 keV) and MHalo at z = 0, 0.4 and 0.9. The solid line in every panel indicates
the median of the MHalo − Lxray correlation. To guide the reader through the locus of each mode, we plot the median halo mass of AGN in the starburst
(dashed lines) and hot-halo (dot-dashed lines) mode separately. The dotted line indicates the mass of the most massive halo in place at that redshift.
els, AGN have a complex distribution on the Lxray −MHalo plane.
Depending on the mode they accrete in, they are either found on the
lower-middle part of the plane (starburst mode) or distributed diag-
onally upwards through the plane (hot-halo mode). In the starburst
mode, AGN scatter around haloes of mass∼ 1012M⊙. Thus, these
AGN are associated with average DM environments. The typical
progenitor hosts of AGN in this mode are gas-rich disk galaxies that
have recently experienced a merger or a disk instability. In contrast,
in the hot-halo mode we find a strong (positive) correlation with X-
ray luminosity, which extends to halo masses of∼ 1015M⊙. AGN
in this mode typically live in groups, rich clusters and superclusters
and are hosted by elliptical galaxies.
The shape of the two regimes remains the same with increas-
ing redshift, although the relative density of AGN in the two modes
changes as expected from Fig. 1c. As a consequence, there is a
complex dependence of the median host DM halo mass of AGN on
accretion luminosity and redshift. For example, at z = 0 − 0.4
the median AGN DM halo mass shows a steep increase until
Lxray ≃ 10
44 erg s−1, beyond which it drops sharply and flattens
to halo masses of ∼ 1012M⊙. However, at higher redshifts the
shape of the median changes. The starburst-mode AGN are more
dominant in space density and therefore the median remains close
to halo masses of ∼ 1012M⊙, the typical halo mass where cold
gas accretion dominates.
4 COMPARISON WITH X-RAY OBSERVATIONS
The richly varied environmental dependence of AGN in GALFORM
shown in Fig. 2 suggests the existence of luminous AGN in a wide
range of halo masses. In this section we compare the expected DM
halo mass of AGN to the observational estimates from Table 1.
To calculate a measure of the host DM halo mass from the model
which can be compared with the observational estimates we first
compute an effective bias parameter, beff (Baugh et al. 1999), by
weighting the bias parameter b of DM haloes with mass MHalo by
the mean number of AGN they host, NAGN,
beff =
∫
b(MHalo)NAGN(MHalo)n(MHalo)d logMHalo∫
NAGN(MHalo)n(MHalo)d logMHalo
, (4)
Here n(MHalo) is the number density of DM haloes with mass
MHalo. The bias parameter of a given halo mass, b(MHalo), is cal-
culated using the ellipsoidal collapse model of Sheth et al. (2001).
From beff we then calculate the halo mass, Mhalo,eff , using the ef-
fective bias formula, i.e., b(Mhalo,eff) = beff . This method is the
same as the one used to infer DM halo masses from the AGN bias
in Section 2. Hence, our theoretical predictions and observational
estimates for the DM halo mass are consistent with each other.
We plot Mhalo,eff (as a function of redshift and Lxray) against
the observational constraints from the clustering of X-ray selected
AGN (Table 1) in Fig. 3. Mhalo,eff as a function of redshift (top
panel, black lines) is calculated by computing beff for three dif-
ferent luminosity populations (1042, 1043, and 1044 erg s−1, with
a bin width of δ logLxray = 0.1) and plotting its evolution with
z. To understand better how the different accretion modes affect
the expected host DM mass, we show the same predictions with-
out taking into account the contribution of the hot-halo mode in the
calculation of Mhalo,eff . To derive Mhalo,eff as a function of X-ray
luminosity (bottom panels), we derive beff(z) considering the aver-
age number of AGN in a luminosity bin dLxray . We then compute
Mhalo,eff and plot it as a function of Lxray in three redshift ranges
(z = 0−0.4, 0.4−0.9, and 0.9−1.3), where the redshifts at which
Mhalo,eff is calculated correspond to the boundaries of the redshift
range.
In this comparison one should be cautious about a number
of potential observational biases and uncertainties in the DM halo
mass estimation. Many of the data points in Fig. 3 are estimated un-
der the assumption that the auto-correlation function of AGN is a
power-law. In reality the clustering signal deviates from this simple
functional form. At small scales it is dominated by pairs that be-
long to the same parent DM halo (1-halo term) and at large scales
by pairs in distinct DM haloes (2-halo term). Depending on the rel-
ative contribution of the two components and the scale of the pair
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Figure 3. The effective host halo mass of AGN, Mhalo,eff , plotted as a function of redshift (top panel) and hard X-ray (2−10 keV) luminosity, Lxray (bottom
panels). Top panel: Mhalo,eff for three different luminosity populations, log(Lxray/( erg s−1)) = 42, 42.8, 43.6, as a function of redshift (black lines).
Predictions are compared to the observational estimates of the DM halo mass from Table 1. Values from different X-ray studies are plotted using different
symbols, as indicated by the labels. The different colour shadings indicate the X-ray band in which the original measurement was performed: green for the
hard (2− 10 keV) and orange for the soft band (0.1− 2.4 keV). Also shown are predictions for Mhalo,eff , for AGN accreting only during the starburst mode
(red lines). Bottom panels: Mhalo,eff as a function of hard X-ray luminosity (2− 10 keV), Lxray . Each panel corresponds to a different redshift interval, as
labeled by the key. The top and bottom black lines of the hatched region show Mhalo,eff as calculated at the lowest and highest z values of the redshift bin.
The red lines show the same predictions, but for AGN accreting only during the starburst mode. Observational estimates of the DM halo mass are plotted in
the redshift panel that includes the mean redshift of the X-ray sample.
separation where the 1-halo term becomes dominant, single power-
law fits to the clustering signal may overestimate (or underesti-
mate) the typical DM halo mass of AGN (see Krumpe et al. 2012
for a comparison of the bias parameter as derived from HODs and
power-law fits). Additionally, observational determinations of the
DM halo mass of AGN that use relatively small area X-ray surveys
are often biased high because of sampling variance, i.e., they do not
represent the typical (average) Universe.
Finally, each data point in Fig. 3 has its own distinct selec-
tion function, e.g., redshift range and X-ray flux limit. Therefore, it
would have been more appropriate to provide a separate model pre-
diction for each sample in Table 1. This approach however, would
have made the visualisation of the comparison between model and
observations cumbersome.
Despite these limitations, the agreement between model pre-
dictions and observations in Fig. 3 is very good. There is some mild
tension between the model predictions and certain X-ray samples
at z = 0 − 0.4 and z = 0.9 − 1.3. More data are needed at these
redshifts to further investigate whether the GALFORM model sys-
tematically overestimates (or underestimates) the DM halo mass of
AGN at these redshifts.
5 DISCUSSION
The observational estimates in Fig. 3 suggest that moderate X-ray
luminosity (Lxray ∼ 1042 − 1044 erg s−1) AGN inhabit haloes
with MHalo ∼ 1013M⊙. This is a much higher halo mass than
that estimated from observations of UV luminous QSOs in the
2dF and SDSS surveys (MHalo ∼ 1012M⊙: Croom et al. 2005;
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da ˆAngela et al. 2008; Ross et al. 2009; Shanks et al. 2011). The
environmental difference between the X-ray and UV populations
supports multiple modes of BH accretion. Semi-analytic models
in which AGN are fuelled by cold gas only via either galaxy
mergers or disk instabilities are consistent with the clustering
properties of powerful optically selected z < 2 QSOs (see e.g,
Bonoli et al. 2009). However, these models fail to reproduce the
clustering and inferred DM halo masses of AGN with moderate
X-ray luminosities. Fig. 3 further demonstrates this point by show-
ing the predictions of the GALFORM model for the expected DM
halo mass of X-ray selected AGN in the starburst-mode only (red
lines in top and bottom panels). These systems are expected to live
in DM haloes in the mass range 1012 − 1012.6M⊙ at z < 1.3,
nearly independent of redshift and with only a mild dependence on
accretion luminosity. It is the inclusion of the additional hot-gas ac-
cretion mode that brings GALFORM into better agreement with the
observed clustering of X-ray AGN.
At this point we need to stress that the AGN accretion modes
undergo strong evolution with redshift (see Fig. 1c). The starburst
mode becomes the dominant channel at z ∼ 3, while the hot halo
mode becomes significantly less important with increasing redshift.
From Fig. 3, we find that the environment of moderate luminosity
AGN at z & 3− 4 is shaped almost entirely by the starburst mode.
In this case, the model predicts that lower luminosity AGN reside
in haloes of lower mass compared to higher luminosity AGN. This
applies also to the brightest AGN (Lxray > 1046 erg s−1), there-
fore, we expect the environment of the most luminous quasars to
be more massive than that of the moderate luminosity AGN (see
Fanidakis et al. 2013).
Given that the hot-halo mode is strongly associated with AGN
feedback, one might also expect that AGN feedback is crucial in
shaping the environmental dependence of AGN. In GALFORM, the
low-rate accretion onto the BHs in quasi-hydrostatic halos, and the
subsequent feedback of energy, halts the gas overcooling and sup-
presses the abundance of starburst AGN, which would otherwise
increase with halo mass. The suppression of the starburst mode al-
lows the hot-halo AGN to become the dominant AGN population
in haloes with masses greater than 1011.5 − 1012M⊙ (and lumi-
nosities lower than 1044 erg s−1). To illustrate more clearly the ef-
fect of AGN feedback on the two different populations of AGN we
show in Fig. 4a the MHalo,eff −Lxray correlation at z = 0.4− 0.9
when the process of AGN feedback in GALFORM is switched off.
In this case, we do not allow the BH accretion energy to be injected
in the halo, and thus, cooling in massive haloes (> 1012M⊙) is
not affected by any source of heating. Note that this would not be
considered as a viable model as it overpredicts the number of bright
galaxies the local Universe. For comparison we show in Fig. 4b the
Lxray −MHalo correlation when feedback is on (as in Fig. 3).
As shown in Fig. 4a, without AGN feedback, the gas in halos
cools quickly and fuels starburst episodes, which trigger intense ac-
cretion onto the central BH even in the most massive haloes. The
model now predicts a monotonic MHalo,eff − Lxray correlation, in
which MHalo,eff increases steeply with increasing luminosity and
reaches DM halo masses of & 1014M⊙ for the brightest quasars
(Lxray ≃ 1046 erg s−1). Such a monotonically increasing correla-
tion implies that in a universe without AGN feedback, the X-ray
accretion luminosity and therefore the accretion of gas onto the
central BH would increase with increasing halo mass. This is in-
consistent with the observed clustering properties of both moder-
ate luminosity X-ray AGN (Fig. 4) and optically-selected luminous
QSOs.
Ignoring AGN feedback also results into a poor fit to the AGN
Figure 4. The effective host halo mass of AGN, Mhalo,eff , as a function
of hard X-ray luminosity (2 − 10 keV), Lxray , at z = 0.4 − 0.9, when
the GALFORM calculation is performed with (right panel) and without (left
panel) AGN feedback. The solid lines in each panel indicate the dependance
of MHalo,eff on Lxray at z = 0.4 (top lines) and z = 0.9 (bottom lines),
in a similar way as in Fig. 3
luminosity function in any band. This is because of the overabun-
dance of very bright AGN predicted when cooling is not suppressed
in the massive haloes. In principle, the model can be re-tuned to
reproduce, within acceptable limits, the observed luminosity func-
tion. However, this is achieved only when the average BH accretion
timescale is stretched to values greater than the Hubble time. Even
in this case, an acceptable fit in one redshift bin does not guarantee
the correct evolution throughout the entire redshift range for which
observations are available (0 < z < 6).
Finally, in addressing the issue of the dependence of X-ray
luminosity on halo mass, we find that the picture emerging from
the observational data in Fig. 3 is not very clear. The data sug-
gest only a weak dependence at z < 0.9, which vanishes at
higher redshifts. Similarly, recent observational studies suggest that
there is possibly a dependance of clustering on AGN luminos-
ity (Coil et al. 2009; Krumpe et al. 2010b; Cappelluti et al. 2010;
Koutoulidis et al. 2013, see also Hu¨tsi et al. 2013 for an interest-
ing theoretical account on the problem), although the evidence for
this is not very strong (see e.g., Yang et al. 2006; Gilli et al. 2009;
Starikova et al. 2011). Nevertheless, the picture emerging from
GALFORM is very clear. Indeed, the rise and fall of halo mass in
the moderate and high luminosity regimes is a very distinct predic-
tion of the model.
The strong correlation between DM halo mass and luminosity
in the hot-halo mode is a consequence of the strong dependence of
the accretion rate on the cooling properties of the halo. In partic-
ular, since the accretion rate is calculated directly from the cool-
ing luminosity, Lcool, and Lcool increases with halo mass, BHs in
more massive haloes are expected to accrete more gas from the hot
halo. The dependence of MHalo,eff on luminosity is very promi-
nent at z < 0.9 and is apparent in a wide range of luminosities
(Lxray ≃ 1040 − 1044 erg s−1). At higher redshifts, the depen-
dence becomes milder, mainly due the decrease in the number den-
sity of hot-halo AGN. Unfortunately, in this analysis the picture we
obtain from the observations is evidently not strong enough to sup-
port a luminosity-dependent halo environment. This may imply that
c© 0000 RAS, MNRAS 000, 000–000
AGN fuelling modes and clustering 9
a more homogeneous observational sample (with possibly a wider
luminosity baseline) is needed for this purpose. To achieve this it
is important to standardise the method in the literature (power-law
fits, HODs etc.) with which the bias and its uncertainty is calculated
from the observations (see discussion in Krumpe et al. 2012). This
will provide a more consistent picture of the AGN clustering and
will minimise biases related to the assumptions of each method.
6 SUMMARY AND CONCLUSIONS
In this analysis, we have compared the halo masses of moder-
ate luminosity AGN, using samples of X-ray selected AGN from
the literature, to the theoretical predictions of the galaxy forma-
tion model GALFORM. The typical DM halo mass is re-estimated
for all AGN samples in a uniform manner from the bias parame-
ter, b, in order to provide a more direct comparison between the-
ory and different observational surveys. The observations indicate
that the average DM halo mass of moderate luminosity (Lxray =
1042 − 1044 erg s−1) AGN at z ≃ 0 − 1.3 is ∼ 1013M⊙. The
comparison with GALFORM shows very good agreement with ob-
servations. The foundation of this agreement is the incorporation of
the AGN feedback mechanism in the GALFORM model and the two
modes of AGN accretion; the starburst mode (cold accretion) and
hot-halo mode (hot accretion). This is the first time that a galaxy
formation model (in which the formation and evolution of galaxies
and BHs is fully coupled) can give a physical explanation to why
moderate luminosity X-ray selected AGN show a higher clustering
strength than UV luminous quasars.
The AGN feedback prevents gas from cooling in very mas-
sive DM haloes (& 1012.5M⊙), establishing the starburst accre-
tion mode (disk instabilities and galaxy mergers) as an inefficient
AGN triggering mechanism in such haloes. As a consequence, ex-
tremely luminous quasar activity is prohibited in the most massive
DM haloes. In this case, an alternative fuelling channel rises to
dominance, namely the hot-halo mode. In this mode, BHs accrete
hot gas from the surrounding hot halo around the galaxy. The low
density of the gas initiates relatively slow BH growth and makes
the AGN visible at moderate X-ray luminosities.
The physical interplay of the two accretion modes gives rise
to a distribution of Eddington-ratio parameters, which is in good
agreement with those inferred from observations. The relative dom-
inance of the hot-halo mode in the low-z universe (z . 1) deter-
mines the typical ∼ 1013M⊙ DM halo mass that moderate X-ray
luminosity AGN inhabit. In contrast, the brightest quasars, which
are associated with disk instabilities and galaxy mergers, inhabit
∼ 1012M⊙ DM haloes, namely those haloes in which the inten-
sity of the starburst mode accretion peaks. Due to the strong cosmic
evolution that the hot-halo mode undergoes, this picture changes at
z ∼ 3− 4, where we find the environment of AGN is solely deter-
mined by the starburst mode.
Neglecting the process of AGN feedback or the hot-halo mode
in our simulations results in a poor match to the inferred average
DM halo mass of moderate luminosity X-ray AGN. In particular,
in a universe where feedback in massive haloes is switched off,
we find that quasars are typically hosted by DM halos with masses
1013 − 1014M⊙, while moderate luminosity AGN are found in ∼
1012M⊙ haloes. Such an environmental dependence is in contrast
with what observations suggest.
Finally, our model suggests a strong correlation between the
expected DM halo mass and X-ray luminosity. This dependence
becomes particularly evident at Lxray . 1044 erg s−1 in the z . 1
universe and originates from the strong coupling of the accretion
rate in the hot-halo mode to the cooling properties of DM matter
haloes. Although there are signatures of a luminosity dependent
environment in the observational samples of X-ray selected AGN
that we have compiled in this analysis, these are very weak. There-
fore, we argue that more data are needed in order to provide better
constraints on how the environment of AGN correlates with lumi-
nosity.
To conclude, in this analysis we have shown the necessity of
AGN feedback and the hot-halo mode as an additional accretion
mode to galaxy mergers and disk instabilities, for reproducing the
correct clustering properties of X-ray AGN. In a future study we
will provide an extensive analysis of the clustering properties of
moderate and high luminosity AGN and compare directly to the 2-
point correlation function, and bias, as estimated for X-ray AGN
and UV luminous quasars in past and current surveys.
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